Introduction
Micro-solid oxide fuel cells (micro-SOFCs) have drawn much attention in the last 5 years as promising energy conversion systems for powering small portable electronic devices [1] [2] [3] [4] . Micro-SOFCs consist of a thin freestanding cathode-electrolyte-anode assembly (typically <1 μm) prepared by microfabrication techniques used in silicon technologies (Fig. 1) . One crucial factor is the thermomechanical stability of these thin-film membranes during microfabrication and device operation. In this study, the thermomechanical properties of freestanding yttria-stabilised-zirconia (YSZ) thin-film membranes deposited by pulsed laser deposition (PLD) for application in micro-SOFCs are investigated and the experimental observations regarding the buckling patterns are simulated. 
Experimental
The backside photolithography, reactive ion etching (RIE) and etching with KOH of the Si wafers was performed as described in [2] , yielding 390x390 μm 2 free-standing 200 nm thick Si 3 N 4 membranes. YSZ thin films are deposited by pulsed laser deposition (PLD) with a 248 nm excimer laser (fluence: 2.9 J/cm 2 ) from a sintered 3 mol.% or 8 mol.% YSZ target. The YSZ thin films are deposited at an oxygen chamber pressure of 0.2 mTorr to 20 mTorr for substrate temperatures between 25°C and 700°C and film thicknesses varying from 30 nm to 300 nm. The Si 3 N 4 layer is removed by RIE, leading to 30 freestanding YSZ membranes with a yield of >95% for deposition at 25°C and 700°C. The residual stress and Young's modulus of substrate-supported YSZ films are determined by wafer curvature and nanoindentation measurements, respectively. The buckling patterns and out-of-plane displacements of free-standing YSZ membranes are investigated by light microscopy and white light interferometry. The microstructure of the YSZ thin films are characterised by scanning electron microscopy (SEM, Leo 1530) and focused ion beam (FIB, NVision40) cross-sections. The simulation of the buckling pattern is based on the Rayleigh-Ritz-method for minimisation of the total energy. As input parameters, we used the free-standing membrane dimensions (390x390 μm 2 ) and thickness (300 nm), the residual stress from wafer curvature measurements, the Young's modulus obtained from nanoindentation, and the buckling amplitude from investigations by white light interferometry.
Results and discussion
The deposition temperature, chamber pressure and film thickness have an influence on the thermomechanical properties of the free-standing YSZ thin films. The buckling pattern of the YSZ thin films gives a first hint about the stress state within the free-standing membrane. The 300 nm 3YSZ and 8YSZ thin films deposited by PLD at 25°C are flat and show no buckling (Fig. 2a) , whereas the 8YSZ membranes deposited at 700°C have a strong buckling which is characteristic for compressive stress (Fig. 2b) and the 3YSZ membranes are only slightly buckled on the edge of the membrane (Fig. 2c) . These observations are in agreement with stress values obtained from wafer curvature measurements of Si/Si 3 N 4 -substrate supported 8YSZ films which showed a slightly compressive stress of -270±80 MPa for the 25°C-deposited 8YSZ and a higher compressive stress of -1100±150 MPa for the 8YSZ deposited at 700°C. Furthermore, the maximum out-of-plane displacements obtained by white light interferometry for 3YSZ and 8YSZ are 0.0 μm and 6.5 μm (at 25°C), and 12.0 μm and 14.1 μm (at 600°C), respectively. The Young's modulus of the YSZ thin films was determined by nanoindentation to be 200±30 GPa. Fig. 3a shows the numerical simulation of a buckling pattern for a residual stress of -1100 MPa, which matches the experimental observations of an 8YSZ membrane deposited at 700°C with a C 4z -rotational symmetric buckling pattern. These simulated buckling patterns can be used further to extract the local stress distribution within the freestanding membrane (Fig. 3b) .
Conclusion and outlook
The buckling patterns of free-standing YSZ membranes were successfully simulated and the local stress distribution was extracted. This is extremely important in order to evaluate the maximum tolerated tensile and compressive stresses and to optimise the fabrication of thermomechanically-stable multilayer free-standing membranes for application in micro-SOFCs.
